1. Introduction {#sec1}
===============

Hydroxyapatite (HA; Ca~10~(PO~4~)~6~(OH)~2~) has long been an attractive choice for bone replacement material \[[@B1]--[@B10]\]. With its similarity to the mineral component of natural bone, synthetic HA has shown excellent biocompatibility *in vitro* and *in vivo* \[[@B11]\]. However, HA has poor mechanical properties, such as brittleness and low tensile strength, thus the clinical applications have been limited particularly in load-bearing applications or large-sized defects \[[@B12]\].

One of the most common approaches to overcome this weakness is to produce composites by incorporating reinforcing phases, including strong bioceramics (ZrO~2~ or Al~2~O~3~), tough metals (Ni~3~Al), or flexible biopolymers (polyethylene and poly-lactide) \[[@B13]--[@B23]\]. These materials have been shown to significantly affect the mechanical strength and/or toughness. Among the choices of reinforcing materials, carbon nanotubes (CNTs, including single-walled carbon nanotubes "SWCNTs" and multiwalled carbon nanotubes "MWCNTs") have recently gained a great deal of attention \[[@B24]--[@B38]\]. This has mainly been due to the unprecedented mechanical properties of CNTs, such as stiffness and strength. These properties combined with the low density of CNTs indicate that they can potentially be used to reinforce HA for the development of strong and tough bone replacements. As well as the mechanical properties, CNTs also have unique properties from a structural, thermal, chemical, and electrical perspective \[[@B39]--[@B42]\]. Structurally, CNTs have a hollow geometry (diameter = 0.7--100 nm; length \< several millimeters), large specific surface areas, and high aspect ratios (length to diameter: about 1 × 10^4^ − 1 × 10^6^). Moreover, due to the carbonaceous nature of the CNTs, they exhibit chemically and thermally high resistance that leads to the inhibition of oxidation by oxidative chemicals including oxygen \[[@B43]--[@B56]\].

Many researchers have attempted to apply CNTs as an organic phase for development of new CNT-assisted bone graft materials (HA-CNTs) in expectation of improved mechanical properties \[[@B24], [@B58]--[@B67]\] and bioactivity \[[@B68]--[@B70]\], respectively, because of the excellent mechanical properties of carbon nanotubes and the bioactivity of HA. Generally, the hybrid materials used for bone grafts should be osteoconductively designed to enable close integration with the surrounding bone tissue in the body. Therefore, in the case of HA-CNT nanohybrid material, HA layers formed on the surface of CNTs can be expected to provide excellent performance for complete harmony with natural bone tissue in the body since the bioactivity of HA-containing materials has been thoroughly demonstrated for dental and skeletal implants and bone-regenerative scaffolds \[[@B11]\].

While the applications of carbon nanotubes in human body have long been on debate due to their possible toxicity which is related to the nonbiodegradable nature \[[@B72], [@B73]\], many recent studies have started to elucidate the toxicity mechanism and to reduce toxicity by the functionalization or coating with organic and inorganic compounds that will improve their dispersibility in biological fluid \[[@B74]\]. For more information on the toxicity-related issues on CNTs, the readers may refer to some recent review articles \[[@B75]\].

In this paper, we aimed to focus on the works on HA-CNTs nanocomposites and hybrids developed for bone replacements. Several methodologies to prepare HA-CNT assembled bone graft materials such as mixing of CNTs with HA nanopowders to give rise to nanocomposites and the mineralization of HA directly on the surface of CNTs to produce hybrids have been summarized in terms of the functional groups existing on the CNTs.

2. Pristine CNTs and Conventional Composites {#sec2}
============================================

Pristine CNTs tend to agglomerate or form bundles due to the relatively strong *π*-*π* interaction between CNT molecules. Deagglomeration of these CNT agglomerates (or bundles) in water or organic solvents is still unsuccessful due to the persistent and high strength interaction. This problem becomes more acute when trying to disperse within solid matrices such as HA or metallic powders \[[@B76]\]. The high aspect ratio and stiffness of CNTs also account for the difficulty in homogeneous dispersion within matrix materials \[[@B76]\].

In terms of surface charge, HA powder and pristine CNTs are considered to be weakly negatively charged and/or neutral because there are a number of hydroxyl groups and *π*-electrons on the surface of HA crystals and CNT walls, respectively, (see [Table 1](#tab1){ref-type="table"} and the supplementary material available online at doi:10.4061/2011/674287) and it is this surface charge analogy between both components that could also be a primary reason for their poor homogenization. To homogenize CNTs and HA, all experimental attempts can be generally categorized into the following two methodologies: CNT dispersion into HA matrices for the synthesis of HA-CNT composites ([Table 2](#tab2){ref-type="table"}, entries 1--4) and HA mineralization onto CNT matrices for the synthesis of HA-CNT hybrids ([Table 2](#tab2){ref-type="table"}, entry 5).

2.1. CNT Dispersion into HA Matrices (HA-CNT Composites) {#sec2.1}
--------------------------------------------------------

To disperse CNT powder throughout the HA matrix material, several physicochemical blending methods have been developed, including ball milling \[[@B76]--[@B79]\], mixing in solvent \[[@B80]\], and in situ formation of CNTs in HA matrix (see [Table 2](#tab2){ref-type="table"} and [Figure 1](#fig1){ref-type="fig"}) \[[@B81]\].

Chen et al. \[[@B76]--[@B78]\] made unfunctionalized CNT-reinforced HA composite through ball-milling. In the study, pristine CNTs in different weight proportions (0--20%) were first ball-milled together with HA powder before the composite was used in surface coating by laser surface alloying. When compared with the CNT-free HA coating, the hardness and modulus of the CNT-reinforced HA coating were improved by 42.7 and 20.6%, respectively. Balani et al. \[[@B79]\] introduced plasma spraying as a definitive tool to coat HA-CNT powder onto metallic implants while providing uniform distribution of unfunctionalized CNTs. To accomplish this, they mixed HA powder of 10--50 *μ*m particle in size with 4 wt% CNTs in a jar mill for 18 h to obtain HA-CNT composite powder. After this they successfully coated the powder mixture onto Ti-6Al-4V bioimplant substrate by plasma spraying. They observed improvements in fracture toughness and crystallinity of 56 and 27%, respectively, and demonstrated the nontoxicity of the HA-CNT coating by cell culture study. Lu et al. \[[@B81]\] reported that HA-CNT nanocomposites (about 1 wt% CNT) can be fabricated by in situ formation of CNTs in HA matrix via chemical vapor deposition (CVD). According to the in situ technique, CNT growth took place on an alumina powder containing an iron catalyst.

2.2. HA Mineralization onto CNT Matrices (HA-CNT Hybrids) {#sec2.2}
---------------------------------------------------------

In fact, HA mineralization occurs in the body with the help of organic molecules for the formation and maintenance of bones and teeth. Therefore, the mineralization process can be appropriate to homogenize HA onto individual CNT molecules to form HA-CNT nanohybrids (see [Figure 2](#fig2){ref-type="fig"}). Since the first report of Abe et al. on the biomimetic HA mineralization in 1990 \[[@B85]\], several types of Ca-P precursor solutions including simulated body fluid (SBF) and Dulbecco\'s phosphate-buffered saline (DPBS) have been employed for the HA mineralization. The Ca-P solutions used for the HA mineralization are summarized in [Table 3](#tab3){ref-type="table"} \[[@B86]--[@B88]\].

Several researchers also employed unfunctionalized CNTs as HA mineralization-inducing nanotemplates, but the mineralization efficacy was usually poor. Moreover, low levels of HA crystal formation and thus large aggregates of CNTs occurred, leading to the formation of heterogeneous composite. However, most studies claimed that the tubular structure of CNTs provides more favorable morphology for the HA crystallization when compared to other carbon materials \[[@B82]--[@B84]\]. A study conducted by Akasaka et al. \[[@B82]\] revealed that the composition and concentration of Ca-P solutions significantly affected the amount of HA crystals formed on the CNTs as well as the size and morphology of crystals. When unmodified CNTs were immersed in SBF solution, only small amount of HA was mineralized on the CNT surface even after a couple of weeks. More concentrated CaP solution such as 2x SBF facilitated a higher level of HA mineralization within the same period. The results indicate that pristine CNTs retain a low level of capacity to mineralize HA on the surface, and this was mainly due to the low number of nucleation sites which thus limit nucleation and growth of HA crystals. In a different approach, Kealley et al. \[[@B83], [@B84]\] prepared a densely compressed HA-CNT composite sheet via chemical precipitation of HA crystals from a calcium phosphate solution, using the chemicals Ca(NO~3~)~2~·4H~2~O and (NH~4~)~2~HPO~4~ followed by hot isostatic compression at 100 MPa and 900°C under Ar gas. They found some enhanced results with respect to the crystallization of HA. Liao et al. \[[@B89]\] employed some different types of experimental conditions such as bamboo-structured CNTs and a Ca-P solution consisting of 0.5 M CaCl~2~ and 0.5 M H~3~PO~4~ (Ca/P = 1.66) as a nucleation template and a calcium phosphate precursor, respectively. They observed relatively unique spindle-shaped apatite crystals precipitated on the CNTs and also obtained carbonated HA-CNT nanohybrids after treatment of the as-prepared HA-CNT hybrid with a solution of Na~2~CO~3~ (molar ratio of CO~3~^2−^= PO~4~^3−^ = 3) for 2 h.

In conclusion, if pristine CNTs were used, a homogenous assembling of CNTs within the HA matrix is highly difficult by means of either physical mixing or mineralization route. It is likely that the following problems were responsible for this: aggregation (or bundle formation) via the well-known *π*-*π* interactions between the delocalized electron systems of the CNT surface, the limited number of nucleation sites of pristine CNTs, and the similarity of the surface charge of HA and pristine CNTs. Therefore, to overcome these difficulties related to the intrinsic physicochemical properties of CNTs, chemical modification of CNTs is the key strategy.

3. Strategies for CNT Modification {#sec3}
==================================

The chemical modifications of CNTs developed to date are summarized in [Table 4](#tab4){ref-type="table"} and schematically demonstrated in [Figure 3](#fig3){ref-type="fig"}.

Among the methods used to modify the CNT surface, oxidative cutting of CNTs using strong oxidants and acidic media has generally been regarded as a useful tool \[[@B90]--[@B93]\]. During functionalization of CNTs by chemical oxidation, various functional groups such as --COOH, --OH, and --C=O were created on the surface of CNTs. The functional groups generally act as nucleation sites of metallic cations for their mineralization \[[@B94]\]. Moreover, to increase the interaction between CNTs and surrounding matrices (liquid or solid), additional modifications of the carboxyl groups introduced by the oxidative cutting have also been studied extensively \[[@B95], [@B96]\]. Generally, during the reaction procedure for the first oxidation and the further functionalization steps, nanotube bodies lose a proportion of their original properties and morphology. However, in terms of purification, the acid-treatment process has positive effects such as the effective removal of toxic metal impurities (such as catalyst residues) in CNT powder and amorphous carbon phases on CNT surface.

It has been shown that the use of highly reactive chemicals such as alkali metals and Brønsted super acids as reductants and oxidants, respectively, leads to charge separation on the outer walls of CNTs, resulting in positively or negatively charged CNT-derivatives bearing counter ions \[[@B97]--[@B99]\]. The charged CNT-derivatives generally were too unstable to be applied under aqueous and ambient conditions, because nanotube bodies were ionically changed too much.

To avoid serious damage to the nanotube body, solubilizers such as polycyclic aromatics, polymers, and various surfactants were employed to provide a relatively higher solubility \[[@B100]\]. However, the use of solubilizers in excess and the macromolecular behavior of solubilizer-CNTs micelles, which may occur through interactions between adjacent solubilizer-wrapped CNTs, have been found to prevent their use in appropriate applications. Moreover, the survival of CNT aggregates and the restricted scope of solvent types must still be addressed. Direct sidewall functionalization will be difficult because the reactivity of the sidewall is extremely low \[[@B101]\]. Indeed, attempts to covalently modify the sidewall have shown that it is a time-consuming method \[[@B102], [@B103]\]. For modification in large scale, this method has a weakness. A strategy to covalently and oxidatively modify the sidewall has been accomplished via Friedel-Crafts-type alkylation of CNTs with super acid-activated tetrahydrofuran (THF) as an electrophilic species, leading to the formation of positively charged sidewalls covalently bonded with butyl alcohol moieties (or their possible oligomers) and counter anions such as SbF~6~^−^ and Cl^−^ \[[@B80]\]. Creating positive charges on outer walls may be useful in that it produces a bunch of nucleation sites for HA crystallization as well as those for ionic interaction with negatively charged HA powder.

4. Utilizing Modified CNTs for Nanocomposites and Hybrids {#sec4}
=========================================================

4.1. CNT Dispersion into HA Matrices (HA-CNT Nanocomposites) {#sec4.1}
------------------------------------------------------------

### 4.1.1. Use of Ionically Modified CNTs {#sec4.1.1}

As mentioned above, pristine CNTs have several limitations that prevent their homogenous distribution into HA powder matrices. When positive charges are introduced onto the outer walls of CNTs to combine with oppositely charged HA particles, the homogeneity of dispersion of the charged CNTs within the HA matrix might be easily achieved without a harsh physical blending process.

Our recent work \[[@B80]\] successfully prepared HA-CNT composite nanopowders in an organic solvent (see [Figure 4](#fig4){ref-type="fig"}). As a first step, the surface of the CNTs was positively modified, and then negatively charged HA nanopowders were added within the positively charged CNT derivative solution in an organic solvent (THF or ethanol), resulting in rapid precipitation of the composite HA-CNT nanopowders. The report also showed that the positively charged CNT powder could be combined in greater quantities with HA powder. High-resolution SEM revealed that individual CNTs were evenly distributed within the clusters of HA nanoparticulates.

4.2. HA Mineralization onto CNT Matrices (HA-CNT Hybrids) {#sec4.2}
---------------------------------------------------------

HA mineralization is a process that involves the controlled nucleation and growth of HA crystals from a confined Ca-P solution. When the CNTs surface was tailored with some ionic groups, either of the calcium or phosphate ions are guided on the surface which subsequently induces opposite charged ions to form nuclei which accompanies by clustering and crystallization and further crystal growth. Therefore, the initially functionalized groups should be well controlled in terms of their types of groups, interspacing distance and numbers, and so forth. Moreover, the ionic composition of the mineralization medium should also be importantly considered.

### 4.2.1. Use of Organic Molecule-Wrapped CNTs {#sec4.2.1}

As mentioned above, the simplest approach to functionalize CNT walls is wrapping the nanotubes with organic molecules such as surfactants and polymers. The noncovalent functionalization can allow the dispersion of CNTs in water while creating charged groups on the tube surfaces to provide nucleation sites. Several experiments of HA mineralization conducted on the organic molecule-wrapped CNTs are shown in [Table 5](#tab5){ref-type="table"}.

Zhao and Gao reported the synthesis of HA-CNT composites using sodium dodecyl sulfate- (SDS-) treated CNTs and Ca(NO~3~)~2~ and (NH~4~)~2~HPO~4~ solutions. The preparation process was conducted in an autoclave at 118°C and pH \> 10, which resulted in the production of HA nanopowders containing 2 wt% CNTs \[[@B104]\]. Evaluation of the TEM images revealed that the HA nanoparticles were closely deposited on individually dispersed CNT molecules. Moreover, they found that the compressive strength of the CNT composite sintered at 1200°C was improved by about 61% from 63 to 102 MPa when compared with that of the single-phase HA hot-pressed at 1100°C. A similar procedure for mineralization using SDS-functionalized CNTs under different conditions was recently reported by Tan et al. \[[@B105]\]. They carried out the mineralization by dispersing the SDS-CNTs into an aqueous solution of CaCl~2~ and Na~2~HPO~4~ at 37.8°C and pH = 7.4. TEM micrographs provided in the report showed that a needle-like HA mineral formed on the SDS decorated CNTs in relatively small quantity. Tasis et al. attempted CNT modification by citrate coating and mineralization in an aqueous solution of CaCl~2~ and Na~2~HPO~4~ at 37°C and pH = 7.4 \[[@B106]\]. The mineralization was conducted on CNT buckypapers (CNT thin sheets) obtained after filtration of citrate-coated CNTs. They observed grain- and plate-like crystal images that were not evenly dispersed on the citrate-treated CNT material.

### 4.2.2. Use of Carboxylated CNTs {#sec4.2.2}

Before combining CNTs with HA, many studies of HA-CNT hybrids focused on the oxidative functionalization of CNTs to create hydrophilic functional groups such as --COOH, --OH, and --C=O. The number of the negatively charged functional groups created on the surface of CNTs during oxidative modifications is dependent on the reaction conditions such as oxidant type, reaction time, and temperature and also has a great effect on the formation rate of the HA crystals, because, as previously mentioned, the functional groups can serve as calcium chelating sites to accelerate the growth of HA crystals. Studies of HA mineralization using carboxylated CNTs are briefly reviewed in [Table 6](#tab6){ref-type="table"}.

Aryal et al. used carboxylated CNTs made in 60% nitric acid by reflux for 18 h at 110°C to prepare HA-CNTs with simulated body fluid (SBF-3 in [Table 3](#tab3){ref-type="table"}) \[[@B107]\]. They found that the carboxylated CNTs effectively nucleated the HA crystals to form assemblies of HA and CNTs within 7 days. When they treated the CNT derivative with aqueous solutions of calcium chloride (0.01 M) and disodium hydrogen phosphate (0.01 M), multilayered plate-like assemblies with HA crystals were obtained \[[@B108], [@B109]\]. Recently, Pan et al. produced HA-CNT nanohybrids using carboxylated CNTs and Ca(NO~3~)~2~ and (NH~4~)~2~HPO~4~ solutions by a one-step sonication process \[[@B110]\]. They dispersed the CNT derivatives into 0.1 M Ca(NO~3~)~2~ solution at pH = 10--12, and then 0.1 M (NH~4~)~2~HPO~4~ solution was added dropwise at a rate of 2--4 ml/min with continuous sonication. They confirmed the formation of spindle-like HA nanoparticles with a width of 20--25 nm and a length of 50--100 nm bound to the functional groups of CNTs based on TEM images.

### 4.2.3. Covalently Further Treatment of the Carboxylated CNTs {#sec4.2.3}

The carboxylated CNTs were sometimes further functionalized with other chemical groups. The formation of amide and ester groups via the treatment of the carboxylated CNTs with amines and alcohols is one case (see [Table 7](#tab7){ref-type="table"}) \[[@B96], [@B104]\].

Zhao et al. covalently transformed the carboxylated CNTs into a series of CNT derivatives bearing several functionalities including phosphonate groups such as diethyl methylene phosphonate in ester form {CNT-C(=O)OCH~2~P(=O)(OEt)~2~}, diethyl benzyl phosphonate in amide form {CNT-C(=O)NHC~6~H~4~CH~2~P(=O)(OEt)~2~}, and the sulfonic acid group, poly(aminobenzene sulfonic acid) {CNT-C(=O)NH(C~6~H~3~SO~3~HNH)~*n*~} \[[@B111]\]. They investigated the efficacy of various functionalities on CNTs to attract calcium cation which leads to self-assembly of HA. To accomplish this, mineralization was conducted on a hydrophobic Teflon membrane using 10 mM CaCl~2~ and 5 mM Na~2~HPO~4~ as mineral sources. High-resolution SEM images indicated that the phosphonate and sulfonate groups generally formed a large crystal-like HA bulk layer after only 1 day. To investigate the effect of the negative charges, they compared CNT-CONHC~6~H~4~CH~2~P(=O)(OEt)~2~ and the hydrolyzed form, CNT-CONHC~6~H~4~CH~2~P(=O)(OH)~2~; however, little difference in the effects of these compounds was observed. In the case of mineralization of CNT-C(=O)NH(C~6~H~3~SO~3~HNH)~*n*~, they claimed the formation of aligned plate-shaped HA crystals with a thickness of 3 *μ*m after 14 days.

5. Conclusions {#sec5}
==============

Because of the excellent properties of CNTs, such as mechanical strength and toughness, they are considered a promising reinforcing material for HA to find potential bone replacements. However, the major problem in the production of well-organized HA-CNTs nanocomposites and hybrids is the difficulty in homogenous distribution of pristine CNTs within the HA matrix. CNTs aggregation via the *π*-*π* interactions of the CNT surface and the lack of nucleation sites limit the dispersion of CNTs in HA nanopowders or the mineralization of HA crystals within ionic solutions. Therefore, functionalization of the CNTs surface with various methodologies has been popularly employed, which mainly include wrapping with surfactants or polymers and oxidation in harsh acidic conditions. Recent studies have shown some progress by activating the CNTs surface to have surface charges by an ionic-modification method. Using the modified CNTs, studies have shown a level of improvements in the dispersion status and/or the properties of the final composites. However, more studies need to be conducted in terms of the new modification techniques of the CNTs and addressing more well-controlled processes in composites or hybrids through the mineralization. This is because the exceptional properties of CNTs are still expected to provide a great opportunity to produce nanocomposites and hybrids with HA in the development of bone replacements.

Supplementary Material {#supplementary-material-sec}
======================

###### 

Zeta (*ζ*) potential values of hydroxyapatite, SWCNT, and MWCNT powders were recorded using a Zetasizer nano ZS90 (Malvern) at room temperature and pH = 7.0.

1\. The Zeta (*ζ*) potential value of hydroxyapatite after calcinations at 900°C for 3h.

2\. The Zeta (*ζ*) potential value of SWCNTs before functionalization.

3\. The Zeta (*ζ*) potential value of MWCNTs before functionalization.

###### 

Click here for additional data file.
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![Schematic demonstration of the fabrication of HA-CNT composite powder by physicochemical blending methods.](JTE2011-674287.001){#fig1}

![Schematic demonstration of HA mineralization onto pristine CNTs.](JTE2011-674287.002){#fig2}

![Schematic demonstration of CNT functionalization methods (R = H or organic moieties; X = inorganic anions; M = metallic cations).](JTE2011-674287.003){#fig3}

![(a) Images showing the addition of negatively charged HA nanopowders to form precipitates with positively charged CNTs (*m*CNT) within THF solvent and (b) photographs and (c) high-resolution SEM morphology of the HA-CNTs composite nanopowders.](JTE2011-674287.004){#fig4}

###### 

The Zeta (*ζ*) potential values of hydroxyapatite^a^, SWCNT^b^, and MWCNT^b^ powders.

  Substrate                    Particle size (nm)                 Degree of purity (%)   Zeta (*ζ*) potential^c^ (mV)
  ---------------------------- ---------------------------------- ---------------------- ------------------------------
  Hydroxyapatite               Diameter: hundreds of nanometers   \>99                   −2.4
  SWCNT                        Diameter: 1.3--1.5 nm              60--70                 −7.8
  Bundle diameter: 20--30 nm                                                             
  MWCNT                        Diameter: 5--20 nm                 \>95                   −3.6
  Length: 20 *μ*m                                                                        

^a^Purchased from Sigma Aldrich Korea and calcined at 900°C for 3 h; ^b^Purchased from Hanwha Nanotech Co., Ltd. (Seoul, Korea); ^c^Recorded using a Zetasizer nano ZS90 (Malvern) at room temperature and pH = 7.0.

###### 

Synthesis procedures for production of HA-CNT composites and hybrids.

  Entry   Blending method                                  CNT content       Mechanical properties
  ------- ------------------------------------------------ ----------------- ---------------------------------------------------------
  1       Ball-milling/laser-alloying \[[@B76]--[@B78]\]   \<20 wt%          Hardness: increase up to 43%Modulus: increase up to 21%
  2       Jar-milling/plasma spraying \[[@B79]\]           4 wt%             Toughness: increase up to 56%
  3       ^a^In solvent mixing \[[@B80]\]                  \<20 wt%          Not measured
  4       In situ synthesis via CVD \[[@B81]\]             1 wt%             Not measured
  5       Mineralization \[[@B85]--[@B89]\]                ^b^Not measured   Not measured

^a^See [Section 4.1](#sec4.1){ref-type="sec"} for details.

###### 

Type and chemical composition of Ca-P precursor solutions used for the HA mineralization onto CNTs.

  Reagent              Type and chemical composition (mg/l) of Ca-P precursor solution                
  -------------------- ----------------------------------------------------------------- ----- ------ ------
  NaCl                 7996                                                              866   6547   8000
  NaHCO~3~             350                                                               ---   2268   ---
  KCl                  244                                                               625   373    200
  Na~2~HPO~4~·2H~2~O   ---                                                               ---   178    1150
  K~2~HPO~4~           174                                                               803   ---    ---
  KH~2~PO~4~           ---                                                               326   ---    200
  MgCl~2~·6H~2~O       143                                                               59    305    47
  CaCl~2~·2H~2~O       278                                                               125   368    100
  Na~2~SO~4~           71                                                                ---   71     ---
  (CH~2~OH)~3~CNH~2~   6057                                                              ---   6057   ---
  NaF                  22                                                                22    ---    22
                                                                                                      
  pH                   7.4                                                               7.2   7.4    7.4

###### 

Methods of surface functionalization of CNTs.

  Entry   Method                                                               Functional group
  ------- -------------------------------------------------------------------- ---------------------------------------------
  1       Oxidative cutting \[[@B90]--[@B94]\]                                 CNT-COOH, -OH, and -C=O
  2       Covalent modifications of the carboxylated CNTs \[[@B95], [@B96]\]   CNT-C(O)OR, -C(O)NR~2~
  3       Covalent modification \[[@B101]--[@B104]\]                           CNT-R
  4       Organic compound-wrapping \[[@B100]\]                                {CNTs}{R-C(O)OH, -NH~3~^+^X^−^ and -SO~3~H}
  5       Reductive charging \[[@B97], [@B98]\]                                \[CNTs\]^−^M^+^
  6       Oxidative charging \[[@B97], [@B99]\]                                \[CNTs\]^+^X^−^
  7       Electrophilic alkylation \[[@B80]\]                                  \[CNT-R\]^+^X^−^

R = H or organic moieties; X = inorganic anions; M = metallic cations.

###### 

HA mineralization on organic molecule-wrapped CNTs.

  Modified CNTs                      Ca-P solution                    Reaction condition
  ---------------------------------- -------------------------------- --------------------
  SDS-wrapped CNTs \[[@B104]\]       Ca(NO~3~)~2~, (NH~4~)~2~HPO~4~   118°C, pH \> 10
  SDS-wrapped CNTs \[[@B105]\]       CaCl~2~, Na~2~HPO~4~             37.8°C, pH = 7.4
  Citrate-wrapped CNTs \[[@B106]\]   CaCl~2~, Na~2~HPO~4~             37°C, pH = 7.4

###### 

HA mineralization on carboxylated CNTs.

  Modified CNTs   Ca-P solution                                             Reaction condition
  --------------- --------------------------------------------------------- -----------------------
  CNT-C(O)OH      Ca(NO~3~)~2~, (NH~4~)~2~HPO~4~ \[[@B104], [@B110]\]       25 or 118°C, pH \> 10
                  SBF-3 in [Table 3](#tab3){ref-type="table"} \[[@B109]\]   37°C, pH = 7.4
                  CaCl~2~, Na~2~HPO~4~ \[[@B108], [@B109]\]                 25°C, in water

###### 

Subsequent functionalization of the covalently derivatized CNTs for the HA mineralization \[[@B111]\].

  --------------------------------------------------------------------------------
  Modified CNTs                        Ca-P solution          Reaction condition
  ------------------------------------ ---------------------- --------------------
  CNT-C(=O)OCH~2~P(=O)\                CaCl~2~, Na~2~HPO~4~   118°C, pH \> 10
  (OEt)~2~                                                    

  CNT-C(=O)NHC~6~H~4~CH~2~\                                   
  P(=O)(OEt)~2~                                               

  CNT-C(=O)NH(C~6~H~3~SO~3~HNH)~*n*~                          

  CNT-CONHC~6~H~4~CH~2~P(=O)(OH)~2~                           

                                                              
  --------------------------------------------------------------------------------
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